The fruit characteristics of Shima sarunashi (Actinidia rufa (Siebold & Zucc.) Planch. ex Miq.), indigenous to the warm regions in Japan were determined. Two typical collections were investigated to evaluate fruit characters throughout growth. Starch accumulated gradually from 120 days after full bloom (DAFB), and peaked at 160 DAFB. Along with the reduction of the starch content, the sugar content increased at 180 DAFB. Major sugar components of A. rufa fruit were glucose, fructose, and sucrose. In the early stage of fruit development, quinic acid was predominant, and then the content decreased gradually until 160 DAFB, while the content of citric acid gradually increased after 60 DAFB and that of malic acid increased slightly. A trace amount of soluble oxalate was detected throughout the fruit development period. Ascorbic acid content increased in the early to mid-stages of fruit development. Considering the change in quality, the maturation period of A. rufa fruit was estimated to be 180 DAFB. From the evaluation of mature fruit among 11 local collections, fruit shape varied, being round, ovoid, cylindroidal, and truncate. Fruit weight ranged from 7.4 to 18.6 g. Fruit skin was glabrous and the surface color varied from reddish-brown to brown. Flesh color was basically green or dark green. Exceptionally, in one collection, the flesh was reddish around the core. Soluble solid content of ripened fruit juice ranged from 6.2 to 17.4%. Sugar content varied from 2.0 to 15.6 g/100 g FW. Myo-inositol content ranged from 6.0 to 132.1 mg/100 g FW. Major organic acids were quinic, citric, and malic acid, and quinic acid was predominant. Total acid content ranged from 1.5 to 3.0 g/100 g FW. Total ascorbic acid content ranged from 6.8 to 45.8 mg/100 g FW. In all collections, protease activity in the juice was very low.
Introduction
Most of the 72 species of Actinidia originated in mainland China, including A. deliciosa and A. chinensis, which are widely grown as kiwifruit (Ferguson and Huang, 2007) . In Japan, 4 species, Sarunashi (Actinidia arguta), Miyama matatabi (Actinidia kolomikta), Matatabi (Actinidia polygama), and Shima sarunashi (Actinidia rufa), grow naturally (Ohashi, 1989) . These species, except for A. rufa, are adapted to relatively cool climatic conditions, and are widely distributed in mountainous areas throughout the country.
In contrast, A. rufa occurs only in the southwestern part of Japan, in Okinawa, coastal regions of Kyushu, Shikoku and Kii peninsula, which is the eastern limit of the distribution. A. rufa has a very low chilling requirement for breaking endo-dormancy and the buds can burst normally with less than 200 chilling hours (CH) below 7°C, compared to A. deliciosa and A. chinensis kiwifruit that require 500 and 800 CH, respectively (Phivnil et al., 2004) . The natural reproduction of A. rufa occurring in Okinawa suggests its substantial adaptability to very warm climatic conditions. Generally, the fruit of A. rufa has a brownish glabrous skin with dark green flesh. The small fruit is edible and characterized by very low protease activity (Actinidin) which is commonly high in A. deliciosa kiwifruit (Nishiyama et al., 2004a) . Besides the common Japanese name "Shima sarunasi", it is locally called "Nashikazura" in Shikoku and Kyushu, "Kokko" on Iwaishima Island in Yamaguchi, "Kuga" in Okinawa, and "Kokumonji" on Awajishima Island in Hyogo. In these areas, fruit from wild vines have been utilized locally, but no survey on the resources of A. rufa for evaluation as a fruit crop has been systematically conducted.
Considering these unique ecological traits and the fruit characteristics, A. rufa is expected to become a new berry crop adaptable to warm climatic conditions. The purpose of the present study was to analyze the compositional changes of A. rufa fruit during development and the genotypic differences in fruit characteristics in local collections after ripening.
Materials and Methods

Plant materials
Fruit were sampled from mature vines of A. rufa at natural growing sites in 2005 (Fig. 1) . The fruit of AR2 and AR7 were collected from the vines conserved at Kagawa Prefectural Agricultural Experiment Station in 2005 and 2006 . In the present report, we showed the data recorded in 2005, because the collected data were similar in both years.
Experiment 1. Compositional changes during fruit development
In 2005, thirty fruit were collected from the vines of AR2 and AR7 at about 30-day intervals from full bloom (May 25) to 191 days after full bloom (DAFB). After harvest, the fruit were weighed and stored at −30°C until analysis.
Analytical methods 1. Starch
One gram of flesh was collected from 5 fruit for each collection and homogenized in 20 ml dimethyl sulfoxide (DMSO) for 1 min. The homogenate was stirred for 24 h and then centrifuged. The extraction procedure was repeated 2 times. The total volume was made up to 50 mL with DMSO. Five milliliters of the solution was mixed with 15 mL of 80% ethanol (v/v), and then centrifuged. The residue was dissolved in 5 mL of 0.1 M NaOH. Using this solution, starch was analyzed by the phenol-sulfuric method (Dubois et al., 1956 ).
Sugars
Three grams of flesh was collected from five fruit individually for each collection and homogenized with 10 mL of 80% ethanol (v/v). The homogenate was incubated for 30 min in a water bath kept at 60°C with continuous shaking, and then centrifuged at 10,000 × g for 10 min at 20°C. The extraction procedure was repeated twice. The supernatant was combined and made up to 25 mL with 80% ethanol and then to 50 mL with 75% acetonitrile (v/v) . This solution was filtered through a 0.45 µm membrane filter (Advantec, Ltd., Tokyo, Japan) and 1 mL of the filtrate was transferred to a 1.5 mL microtube to which 20 µL Carrez I and Carrez II solutions were added for protein and non-sugar fraction precipitation (Chávez-Servín et al., 2004) . After incubation for 10 min at 20°C, the mixture was centrifuged at 10,000 × g at 20°C for 10 min. The supernatant was analyzed by HPLC, using a 250 mm × 4.6 mm i.d. Shodex Asahipak NH 2 P-50 4E column (Showa Denko, Tokyo, Japan) and elution with a mixture of acetonitrile : water (80 : 20 v/v) at a flow rate of 1 mL·min −1 . Peaks were quantified using a refractive index detector (RI-930; Jasco Co., Tokyo, Japan). Sugars were identified by the retention time in the chromatograms compared to the standards.
Organic acids
Organic acids were analyzed by the modified method of Perera et al. (1990) . Five grams of flesh was collected from 5 fruit individually for each collection, homogenized with 10 mL distilled water and boiled for 15 min. After cooling the homogenate to room temperature, the volume was made up to 25 mL with distilled water. The suspension was centrifuged at 10,000 × g for 20 min at 10°C. Fifteen milliliters of the supernatant was made up to 30 mL with 0.5% potassium dihydrogenphosphate (KH 2 PO 4 ) buffer (pH 2.4) and filtered through a 0.45 µm membrane filter. An aliquot of 20 µL was analyzed by HPLC, using a 250 mm × 4.6 mm i.d. Develosil RPAQUEOUS-AR-3 column (Nomura Chemical Co., Ltd, Seto, Japan) and eluted with 0.5% (w/v) KH 2 PO 4 buffered with phosphoric acid (pH 2.4). The flow rate was 0.7 mL·min −1 and the column temperature was kept at 25°C. Peaks were identified with a UV/VIS detector (UV-970; Jasco Co.) at 214 nm. Organic acids were identified by the retention time in the chromatogram compared to the standards.
Ascorbic acid
Ascorbic acid was analyzed by the modified method of Lykkesfeldt (2000) . Three grams of flesh was collected from 5 fruit for each collection and homogenized with 10 mL ice-cold 5% metaphosphoric acid containing 1 mL ethylenediaminetetraacetic acid (EDTA). The homogenate was centrifuged at 10,000 × g for 10 min at 4°C. The supernatant was filtered through a 0.45 µm membrane filter, and then mixed with HPLC eluent (1 : 1). An aliquot of 20 µL was analyzed by HPLC, using a 250 mm × 4.6 mm i.d. Shodex Asahipak NH 2 P-50 4E column and eluted with a mixture of acetonitrile : 60 mM phosphoric acid (80 : 20 v/v) at pH 2.0. The flow rate was 1.2 mL·min −1 and the column temperature was 40°C. Peak was identified with a UV/VIS detector (UV-970; Jasco Co.) at 254 nm. The standard solution of ascorbic acid in 5% metaphosphoric acid was prepared just before analysis. Ascorbic acid was quantified by the retention time and the peak area in the chromatograms compared to the standard. Experiment 2. Genotypic differences in fruit characteristics after ripening in local collections Twenty-five mature fruit were collected from each of the AR1-AR11 collections at 160-180 DAFB from late October to early December, 2005 depending on the climatic conditions at the growing site (Table 1) . The fruit were sealed in a plastic box and exposed to 500 ppm ethylene for 48 h at 20°C to enhance ripening. After ventilating the box with air, the fruit were kept at 20°C for 5 days. For ripe fruit, the morphological characteristics were observed, and then the fruit were frozen with liquid nitrogen and stored at −30°C until analysis.
Analytical methods 1. Soluble solid content (SSC)
Juice was collected from 10 fruit individually for each collection by pressing the peeled fruit wrapped with cheese cloth. SSC in the juice was measured using a hand refractometer (N1; Atago, Tokyo, Japan).
Sugars, organic acids, and ascorbic acid
Sugars, organic acids, and ascorbic acid were analyzed using the same methods as those used in Experiment 1.
Protease activity
Protease activity in the juice was measured by the modified method of Nishiyama et al. (2004a) . The assay mixture consisted of 0.8 mL of 50 mM citric acidNaOH buffer (pH 6.0) containing 25 mM L-cysteine and 10 mM EDTA, and 0.1 mL fruit juice. Substrate was 5 mM L-pyroglutamyl-L-phenylalanyl-L-leucine-pnitroanilide (Peptide Institute Inc., Osaka, Japan) in DMSO. After 0.5 mL substrate was added to the assay mixture, the solution was incubated at 25°C for 5 min. The reaction was stopped by the addition of 0.1 mL trichloroacetic acid (50%). After centrifugation at 10,000 × g for 10 min at 4°C, absorbance at 405 nm was measured using a spectrophotometer (U best-30; Jasco Co.). In the blank, the sample was introduced after the addition of trichloroacetic acid. Assay was performed at 20°C. All extractions and determinations were performed in triplicate.
Statistical analysis
Statistical differences with P-values < 0.05 were considered significant and the means were compared by Tukey's test, using SPSS program version 12.0 (SPSS Inc., Chicago, IL, USA).
Results and Discussion
Experiment 1. Compositional changes during fruit development Fresh weight of the fruit of A. rufa AR2 and AR7 increased, displaying a typical double sigmoid curve. The second growth of AR2 fruit was considerably lower than that of AR7. In both fruit collections, a period of about 180 days after full bloom (DAFB) was required to reach the maximum fruit weight (Fig. 2) .
In both fruit collections, starch accumulated gradually from 120 DAFB, and then reached the maximum content at 160 DAFB (Fig. 3A, C) . Along with reduction of the starch content, the sugar content started to increase at 180 DAFB. Major sugar components during fruit development of A. rufa were glucose, fructose, sucrose, and myo-inositol (Fig. 3B, D) . The contents of these sugars, except myoinositol, rapidly increased from 160 DAFB until 191 DAFB. The myo-inositol content hardly changed during fruit development and maturation. In the early stage of fruit development, quinic acid was predominant (Fig. 4) . The content gradually decreased until 120 DAFB and then slightly increased in AR2 (Fig. 4A) . In AR7 fruit, the quinic acid content decreased gradually until 160 DAFB and remained constant (Fig. 4B) , whereas that of citric acid gradually increased after 60 DAFB in both fruit collections. Malic acid content increased only slightly toward maturation. The sum of these major acid contents remained constant at about 1.5%. Only a trace amount of soluble oxalate was detected throughout the development period in the range of 0.01-0.09%. On the other hand, the ascorbic acid content increased in the early stage of fruit development in AR2 and in the midstage in AR7 (Fig. 5) . In AR2 fruit, the content decreased until 191 DAFB, while in AR7 it remained constant at about 30 mg/100 g FW.
In developing 'Hayward' kiwifruit, starch was reported to be the predominant carbohydrate stored in capillary tissue which became hydrolyzed as the fruit approached maturity (Okuse and Ryugo, 1981; Reid et al., 1982) . Considering the patterns of increase in fruit fresh weight and the conversion of starch to sugar, the period regarded for maturation of A. rufa fruit was estimated at about 180 DAFB, a value similar to that of A. deliciosa 'Hayward'.
In the fruit of A. rufa AR2 and AR7, the pattern of compositional changes in sugars in the late stage of maturation was considerably different from that of 'Hayward' kiwifruit in which fructose and glucose predominantly increased and sucrose decreased (Okuse and Ryugo, 1981) , or slightly increased (Boldingh et al., 2000; Klages et al., 1998; Walton and De Jong, 1990) . Additionally, the reduction of quinic acid content toward maturation was much smaller in A. rufa than in A. deliciosa (Okuse and Ryugo, 1981; Walton and De Jong, 1990) , resulting in a high ratio of quinic acid to total acids at full maturation. Bieleski et al. (1997) reported that the proportion of myo-inositol in total sugars reached about 30% in A. deliciosa fruit 90 days after pollination. In AR2 fruit, the ratio of myo-inositol to total sugars was relatively high in the early season of fruit development, but was considerably low in AR7.
Although the significance of myo-inositol was not clear in A. rufa, Klages et al. (1998) suggested that myoinositol was synthesized within the fruit of A. arguta and A. deliciosa by analysis of the phloem exudates of both species. The content of ascorbic acid in A. rufa fruit increased at an earlier stage of fruit development than in 'Hayward', in which the content started to increase at about 100 DAFB (Okuse and Ryugo, 1981) . In the field observation, A. rufa fruit did not soften on the vine even at late stages of maturation at 190 DAFB. Furthermore, even after harvest, the fruit of A. rufa did not produce ethylene at room temperature at least for 2 weeks (Kim et al., 2007) , suggesting that the ripening trait of A. rufa fruit was similar to that of A. deliciosa kiwifruit (Yano and Hasegawa, 1993) . The conditions for ripening and the storage ability of A. rufa fruit should be further studied.
Experiment 2. Genotypic differences in fruit characteristics after ripening in local collections 1. Characteristics in shape and morphology of ripe fruit
The morphology of the fruit considerably varied among collections (Fig. 6 and Table 1 ). Fruit shape was round for AR8, ovoid for AR1, AR2, AR3, AR6, AR7, AR9, and AR11, cylindroidal for AR4 and AR5, and truncate for AR10. Fruit weight ranged from 7.4 to 18.6 g. In all collections, the fruit skin was glabrous, but the development of the cork layer and density of the lenticels on the surface were different among collections; hence, the surface color varied as follows: light brown for AR1, AR4, and AR6; brown for AR3, AR7, AR8, AR9, and AR10; dark brown for AR2 and AR5; reddish brown for AR11. On the other hand, the flesh color was basically green or dark green (Fig. 6 and Table 1 ). In fruit with a darker green flesh, it was assumed that the chlorophyll concentration was higher (Nishiyama, 2007) . Exceptionally, fruit in the AR8 collection were red around the core and a similar characteristic was observed in A. deliciosa and A. chinensis (Montefiori et al., 2005) . The unique red flesh of A. chinensis cultivars, such as 'Rainbow Red' and 'Honyang', contributes to their increased marketability (Wang et al., 2003) . In the field observation, the shoot surface of AR8 was dark purple, while that of the other collections was commonly light green (data not shown).
2. Characteristics in juice contents of ripe fruit 1) SSC and Sugars: SSC of the juice ranged widely from 6.2 to 17.4% in the collections (Table 2 ). The major sugar components of A. rufa fruit were fructose, glucose, and sucrose. A higher ratio of reducing sugars to sucrose was consistently observed in all collections. The sum of fructose, glucose, and sucrose contents was highest in AR6 fruit (15.6 g/100 g FW), while lowest in AR4 (2.0 g/ 100 g FW). In all collections of A. rufa, myo-inositol was detected ranging from 6.0 to 132.1 mg/100 g FW. The highest content of myo-inositol was recorded in AR7 fruit.
The ratio of hexoses to total sugars in A. rufa collections was 0.7 on average, slightly lower than A. deliciosa 'Hayward' and 'Koryoku' at 0.9, but much higher than A. arguta 'Mitsuko' at 0.2 (Kim et al., 2007) . The different sugar compositions among Actinidia species may be due to variations in the activity of invertase, sucrose synthase, and other enzymes related to sucrose metabolism (Richardson et al., 2004) .
In our previous study (Kim et al., 2007) , it was found that A. arguta fruit contained a remarkably high amount of myo-inositol, ranging from 585.9 to 716.4 mg/100 g FW. Although the content of myo-inositol in A. rufa fruit was lower than that of A. arguta fruit, it was identical to that of A. deliciosa 'Hayward' and was relatively high among fruit crops (Clements and Darnell, 1980) . Although the nutritional and functional values of myoinositol for the human body have not been fully elucidated, A. rufa fruit could become a dietary source of myo-inositol, as are other Actinidia fruit.
2) Organic acids: In ripe fruit of A. rufa, the major organic acids were quinic, citric, and malic acid, and quinic acid was predominant (Table 3 ). The total amount of these major acids was highest in AR7 fruit (3.0 g/100 g FW), while lowest in AR8 (1.5 g/100 g FW). Additionally, a trace amount of soluble oxalic acid was detected in all collections in the range of 7.9-26.5 mg/100 g FW.
Total ascorbic acid (TAA) content ranged from 6.8 to 45.8 mg/100 g FW among collections (Table 3) . 
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Dehydroascorbic acid (DHAA) content was very low in the range of 0.8-2.1 mg/100 g FW (data not shown). The highest content of TAA was observed in AR11 at 45.8 mg/100 g FW. As previously reported, quinic, citric, and malic acids were the main nonvolatile acids in Actinidia species (Castaldo et al., 1992; Marsh et al., 2004) . The high ratio of quinic acid in ripe fruit is a unique characteristic of A. rufa. Marsh et al. (2007) reported that since quinic acid is a monovalent acid compared to divalent malic acid and trivalent citric acid, it does not contribute significantly to titratable acidity and exerts a limited effect on fruit pH. This suggests that the high ratio of quinic acid to total acids may influence the palatability of A. rufa fruit. Quinic acid is considered a key intermediate for aromatic biosynthesis in the quinic acid/ shikimic acid pathway metabolized by quinic acid dehydrogenase and shikimic dehydrogenase (Marsh et al., 2007) . The significance of the high ratio of quinic acid in the metabolism of A. rufa fruit should be further examined.
Total oxalate concentration was reported to be in the range of 37-65 mg/100 g FW in A. deliciosa (Perera et al., 1990 ) and 18-45 mg/100 g FW in A. chinensis (Rassam and Laing, 2005) . Compared to these kiwifruit species, oxalate content in the collections of A. rufa was relatively low and several collections showed a low value, as in the case of A. arguta fruit with a content of 5.0-8.5 mg/100 g FW (Watanabe and Takahashi, 1998) . Nishiyama et al. (2004b) reported considerable variation in the TAA content in Actinidia species. Although the concentration of TAA in the collections of A. rufa used in the present study was generally lower than in the collections of A. deliciosa, A. chinensis, and A. arguta, it was still as high as in apple, banana, grape, peach, and tomato (Gökmen et al., 2000) .
3) Protease activity: In all A. rufa collections, protease activity in the juice was very low, ranging from 0.1 to 1.4 nmol pNA released·min −1 (Table 3) . It was markedly lower than in A. deliciosa and A. arguta, at 5.1-10.1 and 26.9-37.6 nmol pNA released·min −1 , respectively (Nishiyama et al., 2004a; Kim et al., 2007) . Since actinidin, a cysteine protease in kiwifruit, may display allergenic properties (Fiocchi et al., 2004) , A. rufa may be a promising breeding material for low allergenic Actinidia berries.
In conclusion, in the present study, the common characteristics of A. rufa fruit and its genotypic diversity were elucidated. A relationship between fruit character and the locality of collections was not clearly found. Based on this information, the selection of superior strains with higher fruit quality and productivity, and improvement by cross breeding with other Actinidia species should be achieved. Richardson et al. (2004) reported that under high temperature conditions, the ascorbic acid content in A. deliciosa kiwifruit was markedly reduced. Environmental effects on the fruit composition of A. rufa also should be determined. Based on such investigations, A. rufa could become a new berry crop adapted to warm climatic conditions. 
